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ABSTRACT

The ATPase activity of the vat2 mutant yeast vacuole can be restored by
attachment of the peripheral subunits from a wild type yeast vacuole to the integral
components of a mutant vacuolar ATPase enzyme. Stripping away the peripheral
subunits of a wild type yeast vacuole with KI in the presence of ATP yields a
complex of the 69 kD, 60 kD, and 27 kD subunits with smaller aggregates of the 42
kD subunit determined by Western Blot analysis after gradient centrifugation.
Removal of the chaotrope using dialysis allows the subunits to reassemble onto the
integral portion of the enzyme in stripped wild-type vacuoles, restoring ATPase
activity. Similar results were obtained when the stripped peripheral subunits were
dialyzed with the vacuoles from the vat2 mutant. Western Blot analysis showed the
four subunits, 69 kD, 60 kD, 42 kD, and 27 kD all to be attached to the membrane
H +-ATPase sector following dialysis.
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Stripping and Reassembly
of the
Yeast Vacuolar H +-ATPase
Peripheral Protein Subunits

INTRODUCTION

General Characteristics o f Acidic Compartments
Every living cell is dependent on the function of proton-translocating ATPases, 32
which are found in prokaryotes, plants, and animals. While the ATPases found in
different living organisms differ in detail, their overall structures and functions are
remarkably similar.
The general functions of the H +-ATPases are to regulate cellular pH and to
provide the proton motive force necessary for various biological processes. The exact
role and the exact mechanism differ slightly from group to group; however,
structurally each H +-ATPases contains a peripheral portion which hydrolyzes the
ATP, as well as an intermembrane portion which forms the channel for the proton
passage.
Currently there are three distinct classes of H+-ATPases. The classes distinguish
the H +-ATPases according to particular reaction mechanisms as well as structural and
functional differences. 32 The three categories are the P, V, and F-types . 16 (Figure 1)

P-type H +-ATPases
The P-type ATPases are found in the plasma membrane of animal cells and
contain an aspartic acid which becomes phosphorylated during catalysis. 1 3 ,4 7 The
different conformations of the P-type H +-ATPases are labeled Ej and E 2 for
Endomembrane H +-ATPases. 37
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Figure 1. Three Types of BP-ATPases
P-type

lwm«n

F-type

V-type

m a m b ra n *
lu m a n

Figure 1. Schematic diagrams of the three classes of H+-ATPases. Diagrams
adapted from Forgac.13
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The P-type H +-ATPase includes the Na+/K +-ATPase and the Ca2 +-ATPase . 13
Most of the P-type proton pumps consist of one or two 100 kD polypeptides although
some have more subunits. 13 The catalytic portion of the P-type ATPases is an integral
membrane protein . 13 The main role of the plasma membrane H +-ATPases is pH
regulation outside the cell, which creates a membrane potential within the cell. 32

F-type H +-ATPases
FiFo H +-ATPases, perhaps the most widely studied group, are labeled Fx and F 0
for the peripheral and integral components respectively . 35 The F 0 portion of the Ftype H +-ATPase which consists of three subunits a, b, and c, forms a channel through
the membrane. These subunits are found in the stoichiometric relationship 1:2: (6 10) . 3 4 ’ 25 The peripheral component, F l5 is the ATP hydrolyzing component and
consists of five subunits a, (3,

7

, 5 and e with a probable stoichiometric arrangement

of 3:3:1:1:1 respectively . 3 , 25
Bacteria, mitochondria, and chloroplasts all contain H +-ATPases belonging to the
F ^ q class . 13 The primary function of the F,FCATPases is the synthesis of ATP from
ADP at the expense of dissipating a transmembrane proton gradient . 32
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V-type H +-ATPases
The vacuolar membrane H +-ATPases belong to a distinct class of ATPases
separate from plasma membrane and mitochondrial H +-ATPases. 8 The analogous
labeling for the peripheral and integral components would be V! and V 0 . 22
The V-type H +-ATPase is present in lysosomes, plant and fungal vacuoles, Golgi
complex, chlathrin coated vesicles, secretory granules, and synaptic vesicles . 13 A
wide variety of functions rely on the acidic environment of the vacuole and therefore
on the H +-ATPase. Vacuolar acidification is responsible for the recycling of
receptors from receptor mediated endocytosis, as well as the intracellular targeting of
newly synthesized proteins . 1 3 , 1 Even the maintenance of intracellular pH is partially
dependent on the vacuole . 18 Normal bone resorption takes place via the function of a
vacuolar ATPase. The vacuolar type ATPase is also responsible for the acidification
of urine . 7 Recent studies have found that a vacuolar H +-ATPase is found in human
placental brush-border membranes which are important in the regulation of pH of the
developing fetus . 4 0 There may even be vacuolar-type ATPases which are activated by
protein kinase C found in neutrophils. 31
The vacuolar enzyme has a functional molecular weight of about 410-530 kD and
consists of 7 to 10 different subunits. 15 The 70 kD, 60 kD and 17 kD subunits are
common to all the eukaryotic vacuolar ATPases. 22 Often a variety of other subunits
in the 25-45 kD range and perhaps the 100+ kD subunit are also present. 19 They can
cross-react immunologically with the aralogous subunit in other eucaryotes but not
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with plasma membrane (EjEJ or mitochondrial (F iF J ATPases . 10 The different
subunits form a single macromolecular complex . 5
In general, designated functions are that the 70 kD subunit contains the catalytic
ATP-binding site, the 60 kD subunit contains the regulatory ATP-binding site, and the
17 kD subunit forms all or part of the proton pore through the membrane . 13 Overall,
the proton pumping activity of the enzyme maintains the acidity of the compartment,
which is critical to the proper sorting of vacuolar proteins . 2 0 , 39
Vacuolar ATPases usually make up about 5 % of the protein in the membrane.
However, in organelles from animal cells the number of ATPases varies greatly.
They have about the same specific activity as F ^ ATPases, 1.5-3.5 ^mol/min/mg . 9
The chloride anion is a permeant anion required for all vacuolar ATPases in order to
maintain a charge potential for proton pumping . 13 In addition, vacuolar ATPases are
found in a variety of subcellular compartments of differing pH . 22
The F and V-type H +-ATPases are more similar to each other than either is to
the P-type. The similarity includes subunit composition, stoichiometry, substrate
specificity, and reaction mechanism . 9 Electron microscopy (using negative staining)
has shown that the structure of the V-type is similar to the proposed "Ball and Stick"
model of the FjF,,. The size correlates closely while the detail in structure is slightly
different. 9 The primary sequence of the catalytic and regulatory subunits corresponds
closely to those subunits in the FjF 0 structure. The similarity of vacuolar ATPases to
the FiF 0 ATPases is especially true in the nucleotide binding region . 10
While the similarities between the types of H +-ATPases have been helpful in
understanding the systems and their roles, the differences between them are
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significant. Neither the F or V-type of H +-ATPases utilize a phosphoenzyme
intermediate . 3 0 , 32 The F 1F 0 does not function solely as a proton pump, but it can also
use the proton gradient for ATP synthesis. 22
The different categories are also distinguishable by inhibitory chemicals. Each
category is sensitive to certain chemicals but unaffected by the inhibitors of the other
two groups. The inhibitors of the F-type H+-ATPases include azide and oligomycin.
The P-type H +-ATPases are sensitive to vanadate and ouabain while the inhibitors of
the V-type H +-ATPases include N-ethylmaleimide, 7-chloro-4-nitrobenzo-2-oxa-1,3diazole, N, N ’-dicyclohexylcarbidiimide, and nitrate . 28 In addition, vacuolar H +ATPases are sensitive to cold in the presence of MgATP and chaotropic anions, as
well as to low concentrations of bafilomycin 29 (See Appendix 1.)

The Yeast Vacuole
The yeast vacuolar H +-ATPase is a particularly well characterized system, an
ideal model for the V-type ATPases, and yeast vacuoles are functionally similar to
both mammalian lysosomes and plant vacuoles. 19 A proposed arrangement for the
yeast vacuolar H +-ATPase peripheral and integral subunits is seen in Figure 2 . 20 The
yeast vacuolar H +-ATPase is similar in structure and function to the vacuolar H +ATPases of other eukaryotic cells . 20 That this is true is confirmed by the cross
reactivity of the antibodies of other vacuolar ATPases with the yeast vacuolar
ATPase . 2 0 Yeast vacuoles maintain a pH of 5.5, contain Ca2 + , nascent basic amino
acids, proteases, nucleases, glycosidases, and phosphatases. 43

8

Subunit Composition
The yeast vacuole ATPase was initially thought to only have 3 subunits . 42 More
recent findings have identified more subunits and allowed some assignment of
function and place. The relationship and interaction between the subunits are
important to the overall function of the vacuolar H +-ATPase in maintaining a pH
gradient. The yeast vacuolar H +-ATPase is now believed to have

8

subunits: 100 kD,

69 kD, 60 kD, 42 kD, 36 kD, 32 kD, 27 kD and 17 kD . 22 (Table 1.) The V0 portion
of the ATPase contains the 100 kD, 36 kD, and 17 kD subunits. The rest appear to
be part of the V\ component. While the contribution or role each plays is not yet
understood, certain roles and interactions have been established by cooperative genetic
and biochemical analysis of the complex.
The 69 kD subunit is involved in the catalysis of the ATP — > ADP reaction.20,
21

It contains a reactive tyrosine, which is necessary for ATP hydrolysis. 41 The 60

kD subunit amino acid sequence indicates an ATP binding site. In other vacuolar
systems, this size subunit was found to be a regulatory subunit. 19 It is also possible
that other subunits may be regulatory in some way also . 21
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Figure 2. The Yeast Vacuolar H+-ATPase
H+
ADP

ATP

69
69
27, 32, 42 kD
cytoplasm
vacuolar
membrane

36 kD

100 kD

vacuole
17 kD

H+

Figure 2. Model o f the Yeast vacuolar ATPase. The V0 portion contains the 100 kD
and 17 kD subunits. The remaining subunits comprise the Vt sector. Diagram fr o m
Kane et al.19

Table 1. Yeast Vacuole Subunit Composition.19
Subunit

Gene

Intea ral/Perioheral

100 kD
69
60
42
36
32
27
17

VPH1
TFP1
VAT2
VMA5
VMA6

integral
peripheral
peripheral
peripheral
-

-

-

-

-

VMA4
VMA3

peripheral
integral

ProDosed Function
-

ATP hydrolysis
regulatory ATP binding
-

-

proton pore
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Genetic studies have resulted in the cloning of the genes for the all of the yeast
vacuolar H +-ATPase subunits except for the 32 kD subunit. By inserting a null allele
of the subunit gene in the specified in the chromosomal location of the gene, the
synthesis of a subunit can be eliminated. Targeting the mutation disrupts only the
desired subunit gene; the other subunits are still synthesized as usual. 12 The cells
which are subsequently grown from the mutant are members of a delete mutant strain.
These allow analysis of the vacuolar ATPase which is missing a specific subunit.

Subunit Assembly in Vivo
The different H +-ATPase subunits are interdependent upon each other for
assembly into the functional complex . 22 Determination of many of the synthesis and
assembly interactions has been done through genetic manipulations and examination of
mutations in one or more subunits.
Unlike the

ATPases, where the integral component (F0) requires synthesis

and assembly in the presence of the peripheral component (F J in order to function
properly , 34 assembly of the V\ portion occurs in the cytoplasm and may be separate
from the VQportion . 12 The peripheral subunits seem to be synthesized in the
cytoplasm while the integral subunits are transported to the vacuole via the secretory
pathway . 19 (Figure 3.)
In wild type cells many of the peripheral subunits are found in the cytoplasm in
varying degrees of aggregation. They are possibly stored in excess, ready for
assembly into the membrane portion . 4 3 , 12 While the exact assembly mechanism of the
peripheral subunits is not yet known, there is evidence that there is some regulation or
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intercooperation required. In a mutant lacking one of the peripheral subunits, the
assembly of the group into the complex is absent. 12 Not only do the subunits fail to
assemble as a complex, but they do not associate with the membrane portion at all . 12
There is evidence that there is a regulatory subunit governing assembly of the
peripheral section. The 27 kD subunit always appears in association with other larger
complexes; it is never seen in excess of the assembled ATPases. In general, the
vma4 delete mutant, which lacks a 27 kD subunit gene, has serious assembly
problems . 12
Targeting of the integral membrane subunits does not require the presence of the
peripheral subunits as the integral membrane subunits are found in the membrane in
mutant strains in which one or several peripheral subunits is lacking . 19 However, the
100 kD subunit is also missing from the vacuole in a mutant lacking the 17kD
subunit. 22 Studies have indicated that some pre-assembly of the integral subunits may
be necessary for their transport to the vacuole . 19 Not only is the 100 kD missing
from its proper place, but the absence of the 17 kD subunit affect the amount of 100
kD synthesized . 22 It may be that these are structurally associated; the 100 kD may be
stabilized or regulated by the presence of the 17 kD subunit. 22
Although the synthesis of the 60 kD, 69 kD, 100 kD and 42 kD subunits does
not depend on the synthesis (presence) of the others, the 42 kD, 60 kD and 69 kD
subunits are not in place if the 60 kD, 69 kD or 17 kD is missing . 22
The affects of a missing subunit extend beyond the H +-ATPase structure.
Without the 60 kD, 69 kD or 17 kD, the vacuole has no ATPase activity, does not
pump protons and the mutant cells do not grow well. 2 2 , 23
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Figure 3. Model of Subunit Assembly

VACUOLE

r

r

Secretory
vesicles
early
late
Golgi a p p aratu s

Endoplasm ic reticulum
Figure 3. Model of vacuolar ATPase subunit assembly. The I represents the
integral components, the ▲ represents the unassembled peripheral subunits, the
# represents the assembled peripheral subunits, and the J represents the complete
ATPase enzyme. Diagram from Kane and Stevens.19
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Dissociation/Reassembly Studies
The peripheral components of eucaryotic vacuolar ATPases have not been found
to hydrolyze ATP when detached from the integral portion. This is different from the
F l subunit which retains ATPase activity when detached from the F 0 portion of the
F lF 0 complex. 9
Vacuolar ATPases have shown a sensitivity to chaotropic agents. 21 Furthermore,
inhibition using K N 0 3 or KI requires the presence of ATP which implied that the
binding or hydrolysis of ATP was necessary to actuate stripping of the subunits. 2 0 , 44
It has been suggested that the participation of the catalytic site is important in
destabilizing and inactivating the complex . 4 5 , 6 This may be due to a specific
conformation these subunits assume during hydrolysis. However, one study found
two different mechanisms of inhibition: I' and high concentrations of NO3. with ATP
caused inhibition by removal of the peripheral subunits of the H+-ATPase complex,
while S 0 42- and N 0 3. (in the absence of ATP) cause inhibition without dissociation of
the peripheral sector . 6 The inhibition mechanism under conditions where subunits are
not dissociated is not well understood.
Following dissociation from the ATPase enzyme by nitrate in the presence of
ADP, ATP or ITP, Bowman et al. found that the peripheral subunits remained as an
complex . 9 Nevertheless, other experiments have found that when dissociated, the 42
kD subunit did not appear with the peripheral complex. Two possibilities were
postulated: ( 1 ) separation occurred during chaotropic disruption, or (2 ) separation
occurred during chromatography due to the loose association of this subunit. 44 The 41

kD of bovine chromaffin granule H +-ATPase is also found separated from the larger
mass when fractionated via a glycerol gradient, 44 and the coated vesicle proton-pump
stripped by KI and ATP gave a complex of the peripheral subunits lacking the 40 kD
subunit. 35
Functional reassembly of the ATPase, the restoration of ATP hydrolyzing ability
along with the proton translocation, depended on the complex attaching to the
membrane subunits as well as the 40 kD subunit and has also shown a protein
concentration dependency. The small percentage of failed reassembly has been
attributed to possible denaturation of the subunits or the complex during the stripping
process . 35

Purpose
The ultimate goal in studying the vacuolar ATPase in such great detail is to
elucidate all the information about the system possible, compare it to other systems
and then apply the knowledge obtained. The information desired revolves around a
few key interactions: (1) The functional activity, i.e. how the H +-ATPase works, (2)
the components involved, those parts of the H +-ATPase structure and those accessory
components apart from the ATPase necessary for function, and (3) the relationship
and interactions between these components. The components have been sufficiently
elucidated. Not only the exterior components such as ATP are known, but even the
genetic sequence of many of the subunits has been ascertained. The gene sequence
gives information about reaction sites and possible interaction with other subunits.
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This research has involved in vitro analysis of the interactions between the subunits,
particularly the interaction between the peripheral sector and the integral subunits.

MATERIALS/METHODS

Vacuole Harvesting and Protein Assays
Preparation of Yeast Vacuoles
The yeast vacuoles were prepared according to Roberts et aI38 with the following
modifications. The yeast strain used was BJ926, which was obtained from Elizabeth
Jones and Morris Manolson, Carnegie Mellon University. The vat2 delete mutant
strain was described previously . 46
Cells were grown to mid-log phase (O .D .= 4) in YEPD medium. Cells were
harvested by centrifugation at 5000 rpm in GS3 rotor in 500 ml tubes for 5 minutes
using a Sorvall RC5B centrifuge. After pouring off the supernatants and washing the
cells once with distilled water, they were resuspended in 100 ml of 1 M sorbitol per
liter of culture. The cells were then spheroplasted by dividing it between 250 ml
sterile Erlenmeyer flasks (100 ml culture/flask), and 400 units of Zymolyase were
added per 4000 O .D .’s of cells. Zymolyase buffer was prepared containing 50 mM
Tris-HCl, pH 7.7, 1 mM EDTA, 50% (v/v) glycerol, and 400 U/ml Zymolyase
100T, from ICN Biochemicals, (4 mg/ml final). The cultures were put in the
shaker-bath at low speed at 30°C for 60-90 minutes. The spheroplasts were collected
by centrifuging at 3500 rpm for 5 minutes in the GSA rotor, in 250 ml tubes.
Spheroplasts were washed twice in 1 M sorbitol. After the second wash, all of the
supernatant was removed, and 25 ml of Buffer A was added for every liter of the
original cells. The buffer was kept sterile and included 10 mM MES-Tris, pH 6.9,
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0.1 mM MgCl2, 12% Ficoll 400, The solution was then homogenized in a chilled
Dounce homogenizer on ice (about

6

strokes with "A" pestle). Eight milliliters of the

lysate was transferred to polyallomer tubes that fit the prechilled SW41 rotor. Four
mililiters of Buffer A was layered on top of the lysate in each tube. This was
centrifuged at 24,000 rpm for 35 minutes. The wafer was carefully removed from
the top of the centrifuge tube and added to a beaker containing

6

ml of Buffer A for

every liter of original cells. At the completion of the spins, the wafers in the Buffer
A were homogenized in a prechilled Dounce homogenizer. Six mililiters of the
homogenized wafer suspension were added to polyallomer SW41 tubes, and

6

ml of

buffer B were carefully layered on top of each tube. Sterile Buffer B containing 10
mM MES-Tris, pH 6.9, 0.5 mM MgCl2,

8

% Ficoll 400, and was prepared. The

resulting layers were centrifuged at 24,000 rpm for 30 minutes. The white wafers
were carefully collected from the tops of the tubes and added to a tube containing
about 0.5 ml of 2x Buffer C, per liter of original culture. Buffer C was 10 mM
MES-Tris, pH 6.9, 5 mM MgCl2, and 25 mM KC1. The purified vacuolar vesicles
were homogenized by pipeting the suspension up and down in a micropipet tip several
times, then an equal volume of lx Buffer C was added. The vacuolar vesicles were
stored at -80°C in 500 ^tl aliquots.
The vacuoles were then assayed for protein concentration and ATPase activity.
The protein concentration was ascertained using the Lowry assay, using 1 and 2 jul of
lysate and 5 and 10 fxl of vacuoles; the DPAP-B assay using 10 and 20 /xl of vacuoles
and lysates was also used. The ATPase assay utilized 20 /i 1 of the vacuoles.
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Lowry Assay26
Standards of 0, 2, 5, 10, 15, and 20 pig BSA were prepared from a 1 mg/ml
stock solution of BSA. Samples and standards were diluted to a final volume of 150
pi1 after making the appropriate buffer corrections. To each sample 750 pil of Reagent
C was added. These were allowed to stand at room temperature for 5 minutes. Then
75 pd of Reagent D was added to each sample, and they were allowed to stand at
room temperature for 20 minutes. Absorbance of each mixture was measured at 600
nm. A standard curve was constructed from the BSA standards and used to calculate
the protein in the samples.

DPAP-B Assay3 8
The vacuole and lysate samples were mixed with 1 volume 5% Brij 58, 250pil
HEPES, and 50pil 3mM alanylprolyl-p-nitroanilide, from Bachem, and incubated for
one hour at 37°C. To this 500pd of 5% ZnS0 4 and lOOpil of 7.5% Ba(OH ) 2

0

8H20

were then added. After pelletting the precipitate, the absorbance of the supernatant
was measured at 405 nm.

ATPase Assay25
All components of the coupled enzyme assay for ATPase activity were mixed,
aliquoted into 1 mL cuvettes, and frozen. The assay cuvettes were thawed at 37°C
and used in the DU70 UV-visible spectrophotometer. The wavelength was 340 nm,
and absorbance was measured for 300 seconds total collection time, with 1 reading
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per second. The temperature was set at 30°C. Activity was calculated as the change
in absorbance, which correlated directly with amount of ATPase hydrolyzed per
minute.

Stripping and Reassembly o f Peripheral Subunits
Nitrate and Iodide Stripping
The solubilization buffer contained 10 mM Tris-HCl, pH 7.5, 1 mM EDTA,
10% glycerol, 0.1% B-mercaptoethanol, and 2 mM DTT. After thawing on ice, 500
fxl vesicles were pelletted at 15,000 rpm for 10 minutes at 4°C. They were then
resuspended in solubilization buffer. The resuspended vesicles were incubated for 1
hour on ice in 500 mM potassium nitrate, 5 mM ATP and 5 mM M gS04. ATPase
activity was measured using the ATPase assay.
The above method was used for iodide stripping, substituting 300 mM KI for
K N 03. Tables 1 and 2 were obtained by using different combinations of the
chaotrope, ATP, and M gS04.

Dialysis
Five millimeter Dialysis tubing was treated by boiling in an EDTA solution for
10

minutes and was then stored in sodium azide.
Vesicles were dialyzed against 50 mL solubilization buffer at 4°C for six hours

with continuous motion using a Labquake rocker from Labindustries. The buffer was
changed every two hours. (Figure 4.)
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Figure 4. Diagram of Dialysis Method
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SDS-polyacrylamide Gel Electrophoresis
The Laemmli method was used for the SDS-PAGE . 24 The sodium dodecyl
sulfate (SDS) was obtained from BDH, and all other reagents were from BioRad.
Two types of separating gels were used: a 10% acrylamide gel was used for the 42,
60, 69, and 100 kD subunits and a 12% acrylamide gel was used for the 27 kD
subunit. The stacking gel was a 3.5% acrylamide gel.
The gels were run in lx SDS-PAGE running buffer (25 mM Tris base, 192 mM
glycine, and 2.2 mM SDS). Seven ^1 of the pre-stained molecular weight standards
from Bethesda Research Laboratories were used.

Western Blotting
The proteins were transferred from the SDS-PAGE to a nitrocellulose filter using
Transfer buffer composed of 25 mM Tris base, 192 mM glycine, 20% methanol, in a
Transblot apparatus. After removing the nitrocellulose from the Transblot apparatus,
it was blocked with solution of 2% nonfat milk in TTBS (20 mM Tris-HCL, pH 7.5,
500 mM NaCl, and 0.1% Tween-20) following a brief rinse with a solution of TBS
(20 mM Tris-HCL, pH 7.5, 500 mM NaCl). 5 ml of the appropriately diluted
antibody was prepared in 1% nonfat milk in TBS, and 10 mM sodium azide and used
in the first antibody incubation. The 42, 60, 69, and 100 kD subunits were probed
using mouse monoclonal antibodies, the 27 kD subunit using a rabbit polyclonal
antiserum. The blots were then rinsed in TBS and TTBS. Incubation with the second
antibody was done in a similar manner. The second antibody, goat anti-rabbit, or
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goat anti-mouse from Promega, was diluted 1:5000 with the antibody buffer. The
blot was then washed with TBS and TTBS as before. Color development used 200 /jl1
each 5-bromo-4-chloro-3-indolyl phosphate (BCIP), prepared as 25 mg/ml in neat
DMF, and nitro blue tetrazolium (NBT) prepared as 50 mg/ml in 70% DMF, in a 20
ml carbonate buffer solution. The carbonate buffer contained 0.1 M Na H C 03, pH
9.8 (NaOH), and 1 mM MgCl2.

Glvcerol Gradient Purification of the Yeast Vacuolar H +-ATPase
A seven step glycerol gradient (15-45%) was used. Along with the varied
concentrations of glycerol, the gradient contained a 10 mM Tris-HCl, pH 7.5, 1 mM
EDTA, 2 mM DTT, and 0.5 mM PMSF. Fractionation was obtained by spinning in
a Beckman L8-70M ultracentrifuge at 38,000 rpm (175,000 x g) for 16 hours at 4°C.
From the bottom of the tube, 500 n1 fractions were collected. The protein in each
fraction was precipitated by adding an equal volume of 20% TCA and allowing the
samples to stand on ice for 30 minutes. Pellets of the precipitated protein were
obtained by microfuging the samples at full speed for 10 minutes at 4°C. The pellets
were solubilized in cracking buffer (50 mM Tris-HCl, pH
and 5 % 8 -mercaptoethanol) in preparation for SDS-PAGE.

6

.8 ,

8

M Urea, 5%SDS,

RESULTS

The aim of this series of experiments was to strip the peripheral subunits from
the yeast vacuolar H +-ATPase enzyme and assemble them onto a mutant yeast
vacuole lacking all the peripheral subunits. This would give insight about the
interaction between the peripheral and integral subunits. Conditions needed to be
optimized for ( 1 ) the removal of the peripheral subunits from wild-type vacuoles, (2 )
the solution chosen to retain activity of the vacuoles, and (3) the reassembly of the
peripheral subunits.

Optimizing Subunit Stripping Methods

Stripping Components for Nitrate Stripping
The vacuolar H +-ATPase is sensitive to chaotropic anions and at least some of
these anions cause inhibition by stripping the peripheral subunits. 6 Nitrate in the
presence of ATP showed enhanced inhibition . 20 Studies with the coated vesicle
vacuolar ATPase have indicated that the Mg2+ cation also enhances the inhibition and
dissociation . 35 In order to ascertain which components achieved the best inhibition for
the yeast vacuolar H +-ATPase,

8

tubes containing equal quantities of resuspended

vacuoles were incubated for an hour on ice with different combinations of the three
possible inhibitory components. Each tube was then assayed for ATPase activity.
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The results in Table 2 confirm that, for the yeast vacuolar ATPase, the presence of
ATP and M gS0 4 enhanced the inhibition.
Inhibition was calculated as follows:

100 - [sample ATPase activity/control ATPase activity]xl00 = % Inhibition

Each of the

samples was then centrifuged for 15 minutes at 4°C at 15,000 rpm

8

to pellet the membrane portion of the ATPase. The pellet and the supernatant were
both solubilized and analyzed by Western Blot to determine if the ATPase inhibition
coincided with the removal of the peripheral subunits from the membrane portion.
Figure 5 indicates that there is a correlation between the inhibition of ATPase activity
and the removal of the peripheral subunits from the ATPase.

Choice of Chaotrope
While the nitrate inhibited and stripped the peripheral subunits adequately, other
chaotropic anions were tested for also. KI was a better chaotrope for stripping and
inhibition the ATPase in the clathrin-coated vesicles. 35 In Table 3, it is evident that
300 mM KI does indeed show the greatest inhibition of activity. Another factor
influencing the choice of chaotrope concerned its ability to strip the peripheral
subunits. Figure

6

shows the Western Blot results corresponding to Table 3. The KI

sample has a higher concentration of the protein in the supernatant than in the pellet.
Based on the ATPase activity inhibition and the Western Blot results the KI was
determined to be the optimal chaotrope for these experiments.
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Arai et al. found that nitrate without ATP and iodide in combination with ATP
inhibited in different ways: KI causing dissociation of the peripheral complex, but
nitrate using a different mechanism. This did not seem to be the case in these
experiments. The samples in Figure 5 which were treated with nitrate in the absence
of ATP still show peripheral subunit stripping.

Association of Stripped Subunits
Following the dissociation of the subunits using the chaotrope, the aggregation of
the subunits was analyzed by a glycerol gradient fractionation of the supernatant. The
42 kD subunit remained either as an isolated unit or in association with one other
subunit, present at low glycerol concentrations, while the other subunits tended to
remain a single complex, present at high glycerol concentrations. The results in
Figure

8

(top) show the lower density location of the 42 kD subunit peak compared

with the higher density location of the other subunit peaks. The lower half of the
figure, the results after dialysis, shows the 42 kD subunit peak now at the higher
density. This may indicate the association of the 42 kD subunit with the other subunits
since the peak corresponds to the 60 and 69 kD subunit peaks.

Validity of Lowrv with KI
It was necessary to verify that our protein calculations based on the standard
Lowry assay were indeed true in the presence of KI. As seen in Figure 7, the KI
had no effect upon the assay whatsoever, and the assay was deemed valid.
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Optimizing Reassembly Methods

Choice of Solubilization Buffer and Other Components for Optimal Activity
A buffer was needed which would stabilize the ATPase over time, reducing the
activity loss. In comparing the ATPase buffer and the Solubilization buffer over a
period of six hours, the solubilization buffer was far more effective in stabilizing the
activity (Table 4).
The optimal amount of J3-mercaptoethanol was determined to be 0.1% as seen in
Table 8 .
Although the activity recovery results were good with the solubilization buffer,
adding 0.1% gelatin made them better. (See Table 5.) It is thought that the gelatin
gave better recovery results by binding to the dialysis tubing non-specifically and thus
helping to prevent vacuolar protein loss.

Confirmation of Components with New Chaotrope
In order to reassemble the peripheral subunits on the vacuolar membrane and
measure the ATPase activity, a buffer was needed that could stabilize the vacuolar
H +-ATPase subunits over a period of time. As seen in Tables 4 and 5, the
solubilization buffer and the

0

. 1 % gelatin were found to prevent activity loss better

than the ATPase buffer alone. Following the choice of chaotrope and buffer solution,
it was necessary to confirm the components required for optimal inhibition and

Coiage
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stripping, as established previously for the nitrate stripping. The use of ATP
enhanced the effects of the inhibition with KI as well as KNO, (Table 6 ).

Optimal Self-reassemblv Method
Other methods of removing the KI were attempted, but dialysis gave the best
results. Both the Amicon filter and the Sephadex column caused more activity loss
than recovery. Part of this was due to loss of protein. It is also possible that the
Amicon filter actually caused a "shearing" off of the peripheral subunits (Table 7).
The activity loss for the control set was determined by the loss in ATPase
activity over time. Each of the other activity losses were calculated from a control
sample (no chaotrope) for that method. The inhibition caused by the method could
thus be calculated relative to the overall control.

Optimal Dialysis Time
The vacuolar ATPase loses activity with time, even in a stabilizing buffer.
However, the removal of the inhibitor by dialysis also takes time. Ward and
associates found that the greatest amount of activity recovery occurred in the first six
hours of dialysis. 45 Following this time, activity recovery tapered to yield minimal
gain over the next 18 hours. Our time measurements found similar results, and a six
hour dialysis time was determined to optimize the gain in activity by removal of KI
while minimizing the activity loss from time.

28
Assembly on Mutant Strain
Vacuoles from both the wild-type and mutant strain were suspended in
Solubilization buffer. To prevent protein degradation of the vat2 vacuoles, 1 jug/ml of
each leupeptin and pepstatin, as well as

2

/xg/ml of chymostatin, were used as

protease inhibitors. The recovery calculations were made by subtracting the final
inhibition from the initial inhibition. The dialysis of the wild-type KI sample restored
activity as before. The inactive mutant vacuoles, following dialysis with the wild-type
supernatant KI sample, were able to hydrolyze ATP, indicating restored activity
(Table 9). The Western Blot analysis shows that the peripheral subunits have indeed
attached to the membrane portion corresponding to the dialyzed, restored activity
samples in Table 9 (See Figure 9).
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Table 2. Peripheral Subunit Stripping: Stripping Components

ATPase Buffer
1 .
+
2 .
+
3.
+
4.
+
5.
+
6 .
+
7.
8 .
+

5mM M gS0 4 5mM ATP
-

500mM K N 0 3
-

+
4-

-

+
+

-

+
+

+
+

-

-

+
+
+
+

Inhibition
25.14%
0

14.41%
29.96%
40.41%
52.00%
74.86%
67.44%

Table 2. Components of nitrate chaotrope peripheral subunit stripping. Each tube,
containing equal quantities of resuspended vacuoles, was incubated for one hour on
ice in the combination of components indicated by -+-. Those components not present
in that particular tube are indicated by a
The ATPase activity of each tube was
measured and the relative inhibition of each tube is presented in the right column.
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Figure 5. Chaotrope Results: Supernatant v. Pellet

1

2

3

4

5

6

7

8

1

2

3

4

5

6

7

8

S
27kD
P

S
60, 69kD
P

Figure 5. Supernatant versus pellet location of subunits after incubation with
chaotropic components according to Table 2. Each of the samples in Table 2 were
spun at 15,000 rpm at 4°C for 15 minutes. The resulting pellets (P) and supernatants
(S) were solubilized and prepared for Western Blot analysis. For the 60 and 69kD
subunits, samples 4, 7, and 8 have a greater protein concentration in the supernatant
than the other samples. The 27kD subunit shows a decrease in the pellet protein
concentration in samples 7 and 8 , along with a definite increase in the supernatant
concentration in sample 7.
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Table 3. Choice of Chaotrope

ATPase Buffer
1 .
+
2 .
+
3.
+
4.
+
5.
+
6 .
+
7.
8 .
+

5mM M gS0 4 5mM ATP
-

+
+
-

-

+
+
-

Chaotrope

-

-

-

-

+
+
-

+
+

lOOmM K N 0 3
300mM K N 0 3
lOOmM KI
300mM KI
lOOmM K2 S 0 4
300mM K2 S 0 4

Inhibition
1.57%
0 .0 0 %
67.94%
66.51%
64.91%
70.92%
8.97%
21.93%

Table 3. Relative inhibition results with different chaotropes. Each tube contained
the indicated components (+ ). After incubation for one hour on ice, ATPase activity
of each tube was measured. The relative inhibition is given in the right column.
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Figure 6. Chaotrope Results: Supernatant v. Pellet

60, 69 kD

1

r
1

42 kD

2

2

3

3

4

5

4

5

7

6

6

8

7

8

F~

3
mm«

I

Figure 6 . Supernatant versus pellet location of subunits after incubation with different
chaotropes as indicated in Table 3. Each of the samples were spun at 15,000 rpm at
4°C for 15 minutes. The resulting pellets and supernatants were solubilized and
prepared for Western Blot analysis. The 60 and 69 kD supernatants show more
protein in sample 6 . There is less protein in the 27 kD pellet in sample 6 . Also,
there is a definite loss in the pellet corresponding to a gain in the supernatant in the
42 kD sample 6 .
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Table 4. Buffer Choice: ATPase Activity

Time
Ohr
2 hr
4hr
6 hr

Solubilization Buffer
23.1
20.9
21.4
19.9

ATPase
1 1 .6

13.5
10.4
6.5

Table 4. Vacuoles were resuspended in ATPase buffer or Solubilization buffer
accordingly. Following incubation with 300 mM KI, 5 mM ATP and 5 mM M gS04,
the vacuoles were assayed for ATPase activity over the course of the next 6 hours.
Activity is given in the table as nmol ATP hydrolyzed/minute. The Solubilization
buffer retained activity better than did the ATPase buffer.

Table 5. Effect of 0.1% Gelatin

Gelatin

Control

1. Initial inhibition

8 8

.1 %

2. Dialyzed 2 hours
3. Dialyzed 4 hours
4. Dialyzed 6 hours

78.1%
68.9%
50.0%

84.1%
69.4%
72.0%

5. Total activity recovery

38.2%

16.3%

8 8

.2 %

Table 5. Comparison between the relative inhibition of buffer containing 0.1 %
gelatin and that without over the 6 hours of dialysis. Initial inhibition (1) was
calculated from the ATPase activity after one hour incubation with the chaotropic
components on ice. The relative inhibitions in entries 2-4 were calculated from the
ATPase activity measured at the designated time after the start of dialysis. The
gelatin sample, at the conclusion of the 6 hour dialysis, was less inhibited and
therefore had a greater recovery of activity (entry 5).

34

Table 6. Confirmation of Components with KI

Solubilization Buffer 5mM MgSQ4 5mM ATP
0 . 1 % gelatin
1 .
2.
3.
4.
5.
6 .
7.
8 .

+
+
+
+
+
+
-

+

300 mM KI

Inhibition

%
45.9%
0.5%
47.9%
44.0%
67.3%
71.1%
45.8%
0

+
+
-

-

+
+
-

-

+
+
-

-

+
+

-

-

-

+
+
+
+

Table 6 . Determination of components of KI chaotropic peripheral subunit stripping.
Each tube, containing equal quantities of resuspended vacuoles, was incubated for one
hour on ice in the combination indicated by + . Those components not present in that
particular tube are indicated by a
The ATPase activity of each tube was measured
and the relative inhibition of each tube is presented in the right column.

35

Table 7. Other Chaotrope Removal Methods

Control
Amicon Filter
Sephadex Column

Activity Loss
6.9%
66.3%
72.8%

Relative Inhibition
91.3%
70.8%
81.1%

Table 7. Comparison of reassembly methods via chaotrope removal. Each method
was performed on a sample containing resuspended vacuoles which had been
incubated 1 hour on ice in the chaotropic solution. The control activity loss was
measured relative to itself. Inhibition from both the amicon filter and sephadex
column was calculated relative to a sample without KI for each. The activity loss was
calculated comparing the sample without KI for the given method relative to the
control sample.
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Table 8. Optimal fi-mercaptoethanol Concentration

Concentration

Activity

%
0 .0 1 %
0 .1 %
1 %

10.5
7.1
14.8
11.7

•fi. u> to

0

Table 8 . The ATPase activity determination of the optimal B- mercaptoethanol in the
solubilization buffer. Activity is given in the table as nmol ATP hydrolyzed/minute.
The best activity results were obtained in 0.1% B-mercaptoethanol (entry 3).
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Figure 7. Confirmation that Lowry valid with KI

-^05

Control

0.240

0.190

0.140

0.090

fig protein

Figure 7. The Lowry protein concentration assay with and without KI. The BSA
standards were assayed in the presence of KI and without. KI did not interfere with
the protein concentration measurements.
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Figure 8. Associations of the Stripped Subunits
42 kD subunit remains alone
9 10 11 12 13 14 15

42 kD
Non-dialyzed

~

• -M i*

* * mat

nw

I

60, 69 kD
mmmm— ^

—m

Group associations of subunits
9 10 11 12 13 14 15

60, 69 kD
Dialyzed
42 kD

Western Blot

Figure 8 . Western Blot analysis of the resulting glycerol gradient fractions of the
peripheral subunits following stripping with 300 mM KI, 5 mM ATP and 5 mM
M gS04. The numbers correspond to the fraction number of the gradient, with the
lower numbers at the bottom. Following incubation in the chaotropic solution for 1
hour on ice, the 42 kD subunit peaks at a higher fraction number than the 60 or 69
kD subunits. However, the 60 and 69 kD subunits peak at the same place. After
dialysis, the 42, 60, and 69 kD peaks are all located around the same fraction
number.
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Table 9. Activity Recovery of Peripheral Subunits on Delete Strains

1 .
2.
3.
4.
5.
6 .
7.
8 .

9.
10.
11.
12.

Sample
wild type
wild type + KI
Dialyzed wild type + KI
vat2
vat2 + KI
Dialyzed vat2 -1- KI
vat2 pellet with wild type sup.
Dialyzed vat2 pellet with
wild type sup 4- KI

Relative Inhibition
0 %
91.6%
34.2%
58.9%
20.9%
27.6%
8 8 .6 %
2 2 .0 %

wild type + KI ( 6 hours on ice)
Dialyzed wild type + KI (sup.)
vat2 + KI ( 6 hours on ice)
Dialyzed vat2 + KI (pellet)

Recovery

57.4%

3.0%
69.6%

96.5%
94.7%
25.9%
60.1%

Table 9. Activity recovery of dialyzed samples. Each sample was treated with the
conditions indicated. Those containing KI were incubated according to the optimal
stripping methods determined. Inhibition for vat2 vacuole samples with KI was
measured relative to the ATPase activity of the vat2 vacuoles. All wild-type
inhibitions containing KI were measured relative to the activity of the wild-type
vacuoles. The original frozen wild-type and vat2 samples were each about 2 mg/ml,
determined by Lowry Assay. Each was brought up in the same amount of solution.
Samples were dialyzed by the method described in the Materials and Methods section
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Figure 9. Stripping and Reassembly on the vat2 Mutant

27 kD

42 kD

60, 69 kD

100 kD

27 kD

42 kD

60, 69 kD

100 kD

Figure 9. Western Blot analysis of the stripping and reassembly on the vat2 mutant
vacuoles. Samples 1 through 8 in Table 9 were centrifuged at 15,000 rpm at 4°C for
15 minutes and the resulting supernatants and pellets analyzed via Western Blot.
None of the peripheral subunits probed for, the 27, 42, 60, or 69 kD, were found in
the vat2 vacuoles in sample 4; they are mostly in the supernatant in sample 7, but a
significant quantity has moved to the pellet in sample 8 after dialysis. The 100 kD
subunit is seen in the vat2 samples, but proteolysis has caused it to appear lower in
the Western Blot than usual.
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DISCUSSION
Much has been determined about the yeast vacuolar H +-ATPase: the role it has
in the cell, the arrangement and gene sequence of many of the subunits and their
respective roles, and the effects from a missing subunit. There are still many factors
that are unresolved. The segments of information that have been elucidated here
make it possible to delve deeper and to ascertain the more complex relationships
within the ATPase structure as well as those relating to the vacuole or cell.
This research has shown that the ATPase activity can be restored to a mutant
yeast vacuole by stripping the peripheral subunits from a wild type vacuole and
"adding" them to the mutant strain. The best method of stripping the subunits used
300 mM KI, 5 mM ATP, and 5 mM M gS04. The best method of restoring activity
was by dialysis utilizing continuous motion with solution change every two hours, at
4°C over a total of

6

hours.

The yeast vacuolar ATPase has been determined to be a suitable model for the Vtype H +-ATPases. 20 Because of its pertinent position as a model, the biochemical and
cellular information acquired from this ATPase is also relevant to plant and animal
systems. 21
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APPENDICES
Appendix 1. Table o f Inhibitor Specificity o f Proton Pumps13

In h ib ito r S pecificity

Class

E xam ples

V anadate
(IO mM)

T ra n sp o rt P ro p erties

O livom ycin
(10 »iK/ntl)

NBD-CI
(lO a M l

NEM
(10 «M>

DCCD
(100 n.Ml
+

N a*-K *-A T Pase
C a2*-A TPase (SR)
C a2*-A TPase (PM )
H *-K *-A T Pase
H *-A T P ase (PM )
P la n ts
N eurospora
Y east
E. coli K *-A TPase

+
+

_

—

_

—

—

—

+
+

—
—

+
+
+
+

—

F ,F 0 H *-A T Pases

M itochondria
C h lo ro p iasts
B ac te ria

—

—

+
+
+

V acuolar H*A TPases

C oated vesicles

—

-

E ndosom es
Lysosom es
G olgi
Chrom affin g ran u les
M ultiv esicu lar
bodies
K idney (PM )
Vacuoles
P la n ts
N eurospora
Y east

—
—
—

—
—

—

—

-

-

P hosphorylated
A TPases

—

+

—

+
+

+

—

—

+

-

+

—
—
-

+
+
+

+
+
+

_

+

+

+

+

-

+
+
+

+
+
+
+
+

+
+
+
+

+
+
+
+

+

+

+

+

-

+
+

+
+

~

+
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P e rm e a n t
Anion

7

—
—

—
—
—

M*
Exchange*

+
+
—

—

—
—

M

—

(-)

+
-

(-)

+
+

(" )

+

(-)

+

+
+

+

.Liat.-r-.rv
r-.ov
v, ^

Cott®Q® ° \
W U iiaffl
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Appendix 2. Table o f Subunit Composition o f Different Acidic Compartments13

Source of ATPase

Bovine clathrin-coated
vesicles
Bovine kidney
microsomes
(plasma membrane)
Bovine kidney
microsomes
(Golgi/endosome
fraction)
Bovine chromaffin
granule
Oat tonoplast
Beet tonoplast
Corn tonoplast
Neurospora vacuole
Yeast vacuole
Sulfolobus

Molecular masaes of subunits

kDa
100 73 58 40, 38, 34, 33

19, 17

70 56 45, 42, 38, 33, 31 15, 14, 12
68 58 41

16

115 72 57 39

17

72
67
70
67
100 69
69

16, 13
15
15
15
17

60 41
57
62
57
60 42, 36, 32, 27
54 28
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Appendix 3. Table o f Apparent and Calculated Molecular Weight o f Subunits*

Molecular mass (kDa)
Gene

Subunit

Calculated"

Apparent*

V MA I
VMA2
VMA13
VMA5
VMA6
VMA4

A
B

67.7
57.7
54.4
42.3

69
60

VMA3
V MA I I
VMA12

c
c'

C
D
E

26.6

42
36
27

O ther name used
I. Gene encoding a peripherical polypeptide
TFPJ
VAT2
VATS

11. Gene encoding an integral polypeptide
16.4
17.0
25.3

17
TFP3
III. Gene not identified yet
100
32

“Molecular mass calculated from the deduced am ino acid sequence of the respective gene.
'’M olecular mass estimated due to SDS-polyacrylamide gel electrophoresis (see Kane ei al.. 1989).
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